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Stock plants provide a supply of unrooted cuttings for the asexual propagation of 
selected ornamentals. The primary goals of stock plant management are to maintain 
completely vegetative plants and to maximize shoot production. However, the result of 
producing vegetative cuttings can be slow production time, i.e., long production 
schedules for the greenhouse business that propagates and flowers the plants. Therefore, 
the first objective was to examine alternate methods of stock plant management in order 
to produce cuttings that flower in a shorter time period, e.g., 5-6 weeks from the start of 
propagation (“sticking”). Hybrid impatiens (Impatiens ×hybrida) were used for this 
study. The second objective was to create a model to predict flower bud develop of 
hybrid impatiens so this tool could be used by growers to improve crop scheduling. The 
first experiment was a 3 x 5 x 6 factorial consisting of 3 levels of daily light integral 
(DLI) (low, medium and high), five levels of ethephon investigated (0, 50, 100, 200 or 
300 mgL-1) and six stock plant node positions (NPSP). The NPSP represent different 
locations in the stock plant from which cuttings were harvested. The results showed that 
high levels of DLI in combination with low rates of ethephon, and higher NPSP resulted 
in cuttings that flowered in 5-6 weeks after harvest. A second study was designed to 
investigate the relationship between average daily temperature (ADT) and flower 
development of three cultivars of hybrid impatiens from the onset of a visible bud (2-mm 
in bud width). A flower bud development model was created using a four-parameter 
logistic equation that predicted time to flower based on the measured bud width of plants. 
Crops with a 3-mm bud width were predicted to flower in 31 d when grown in ADT of 
  
 
18 °C, an increase in bud development occurred when ADT increased from 18 to 28 °C 
and the resulting time to flower decreased by 1 week. The usefulness of this model can be 
applied as a production tool for growers to flower crops for specific early or late 






I will be the gladdest thing 
 Under the sun! 
I will touch a hundred flowers 
 And not pick one. 
I will look at cliffs and clouds 
    With quiet eyes, 
Watch the wind bow down the grass, 
 And the grass rise. 
And when lights begin to show 
    Up from the town, 
I will mark which must be mine, 
 And then start down! 
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In 2018, the U.S. imported over 1 billion unrooted cuttings valued at $106M (U.S 
Census Bureau, 2018). Vegetative propagation of herbaceous ornamental plants begins 
with the production of stock plants from which unrooted cuttings are harvested. 
Typically, the cutting consists of a shoot tip with a 2-5 cm stem and several leaves (Faust 
et. al., 2016). Cutting production for the U.S. market mostly occurs offshore to reduce 
production costs. The top three countries for exporting unrooted cuttings to the U.S. are 
Guatemala, Costa Rica, and Mexico, with reported annual US custom values of 23, 18, 
and 14 million dollars respectively (U.S Census Bureau, 2018). 
Light management is critical to stock plant production, and daily light integral 
(DLI) is a useful measure of light associated with plant growth and flowering. Daily light 
integral is defined as the accumulation of photosynthetically active photons delivered 
over a course of one day expressed in units of mol. m-2.d-1 (Pearcy, 2000). Daily light 
integral values vary with latitude, time of year and cloud cover. In the U.S., for example, 
DLI ranges from 5 to 60 mol.m2.d-1 outdoors and from 1 to 25 mol.m2.d-1 in greenhouses 
(Faust and Logan, 2018). Various tools are available for the manipulation of DLI inside 
greenhouses, e.g., shade curtains reduce ambient DLI while supplemental lighting 
increases DLI above ambient levels.  
Plant growth regulators are used to manage stock plant and cutting production. 
For example, ethephon, an ethylene-generating compound, reduces internode elongation, 
increases branching, and aborts flower buds (Faust and Lewis, 2005). Ethephon 
  
2
applications on stock plants increased the number of viable cuttings and reduced cutting 
size (Brown and Castorani, 2000), while also preventing early flowering of vegetatively 
propagated annuals (Whipker, 2013).  
The following topics are addressed in the review of the scientific literature in 
Chapter 2: light management for stock plants, ethephon use on stock plants, and the effect 
of temperature on flower development. In Chapter 3, the effects of DLI and ethephon on 
Impatiens ×hybrida stock plants are assessed in order to determine their influence on the 
time to flower of the cuttings harvested from those stock plants. In Chapter 4, a model is 
developed to predict the time to flower of three cultivars of Impatiens ×hybrida based on 
the average daily temperature (ADT) and flower bud width.  
 
CHAPTER TWO 
 LITERATURE REVIEW 
Light Management for Stock Plants 
The DLI delivered to stock plants influences cutting production (yield), quality and 
postharvest performance. Donnelly and Fisher (2002) reported a 73% increase in the total 
number of viable cuttings harvested from fan flower (Scaevola aemula) stock plants 
when supplemental lighting from high-pressure sodium lamps delivered a DLI of 
2.8 mol.m2.d-1 in addition to the ambient DLI of 6.2 mol.m2.d-1. Similarly, Moe (1977) 
found that cutting production on stock plants of campanula (Campanula isophylla) 
increased as DLI increased from 1.2 to 8.2 mol·m2 d-1. Cutting yield of stock plants of 
poinsettia (Euphorbia pulcherrima) increased from 2.5 to 6.0 cuttings per stock plant per 
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week as the DLI increases from 2.2 to 21.0 mol·m2.d-1 (Chong, 2005). As the DLI 
increased from 4 to 14 mol.m2.d-1, Lopez (2007) observed an increase in cutting quality as 
quantified by chlorophyll content, stem caliper, and cutting yield from stock plants of 
bacopa (Jamesbrittenia grandiflora), heliotrope (Heliotropium arborescens), and 
thunbergia (Thunbergia alata). Postharvest rooting of portulaca (Portulaca 
grandifloraincreased when pre-harvest stock plant DLI increased, which led to an 
increase in carbohydrate levels of cuttings and a subsequent decrease in postharvest leaf 
abscission (Rapaka et al., 2007).  
These examples demonstrate that higher DLI environments provide many benefits 
to stock plant production; however, one negative response of higher DLI is increased 
flower initiation and development. Flowering on stock plants is undesirable because it 
diverts the plant’s resources from vegetative shoot (cutting) production. The goal of stock 
plant production is to maximize vegetative growth and minimize flowering; therefore, 
stock plant growers must strike a balance between providing a DLI that produces a high 
cutting yield with minimal flower bud formation. One tool that growers have to assist 
them in balancing these conflicting needs is the use of ethephon, a plant growth regulator 
that inhibits or aborts floral development. When properly used, ethephon allows growers 







Ethephon Use on Stock Plants 
Ethephon (2-chloroethyl phosphonic acid), commercially labeled as Florel® or Ethrel®, 
is a liquid compound from which ethylene gas evolves following application to plants. 
Ethylene is a plant hormone involved in a wide number of plant growth and development 
roles ranging from ripening, abscission, and senescence to stress responses (Yang and 
Hoffman, 1984; Kieber, 1997). Ethephon is lipophilic and when sprayed on foliage, it 
diffuses across membranes and upon entering high pH apoplastic plant tissues, degrades 
to ethylene, chloride, and phosphate (Warner and Leopold, 1969; Yang, 1969; Ernst et 
al., 1992). Maynard and Swan (1963) reported that the degradation rate of ethephon was 
relatively slow when pH was < 4, but it increased as pH increased. The ethylene released 
within plants elicits various plant responses depending on concentration and timing of 
application. The chloride and phosphate ions appear to have no effect on the plant (Ernst 
et al., 1992). 
 Ethephon applications to floriculture crops produce myriad responses that include 
increased branching and cutting yield, inhibition or promotion of flowering, decreased 
stem elongation, and reduced leaf size. Increased branching occurs by the inhibition of 
indole-3-acetic acid synthesis (Chadwick and Burg, 1970; Weber and Osborn, 1969), 
which can contribute to increased cutting yield (Faust and Lewis, 2005; Hayashi et al., 
2001). Cutting yield increased by 22% to 25% in several cultivars of New Guinea 
impatiens (Impatiens hawkweri) with two applications of 500 mg.L-1 ethephon, while 
cutting yield increased from 41% to 54% for I. walleriana cultivars (Faust and Lewis, 
2003). Ethephon applications increased the number of shoots in geranium (Pelargonium 
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×hortorum) (Carpenter and Carlson, 1970; Carpenter and Carlson, 1972; Semeniuk and 
Taylor, 1970; Tayama and Carver, 1990; Glady et al., 2007). 
Breeders have selected for prolific flowering in many commercially produced 
floricultural cultivars used in commercial production. Unfortunately, abundant flowering 
can make stock plants difficult to maintain in a vegetative state, which makes cutting 
production more difficult (Faust and Lewis 2005). Applications of ethephon can make it 
easier to produce stock plants from these cultivars due to its ability to abort flower buds. 
This response can be detrimental if delayed flowering is undesirable. For example, 
ethephon at 3000 mg.L-1 delays the time to flower in geraniums for up to 10 weeks due to 
the abortion of floral structures (Semeniuk and Taylor, 1970). Five applications of 
1000 mg.L-1 delays chrysanthemum (Chrysanthemum ×morifolium) flowering up to 123 d 
(Cockshull and Horridge, 1978). Hebe ×franciscana sprayed with 600 mg.L-1 ethephon 
delayed flowering by 6 d (Kristensen and Adriansen, 1988). Carpenter and Carlson 
(1970) reported a 5- and 10-day delay in flowering of the first and second inflorescences, 
respectively, of geraniums when sprayed with ethephon at 1000 mg.L-1. In purple 
velvet(Gynura aurantiaca) concentrations ≥1200 mg.L-1 inhibits flowering at 
concentrations ≥1200 mg.L-1 for four weeks after treatments (Pallez and Dole, 2001). 
Commercial greenhouse producers often use ethephon to produce uniform 
flowering or sequenced flowering of some species. Ethephon can be used to control the 
shift from vegetative to reproductive growth in floriculture crops, and a plant will remain 
vegetative when maintained with ethephon treatments (Konjoian, 1994). In some cases, a 
delay in flowering time can be a desirable response for greenhouse growers who rely on 
  
6
ethephon to sequence flowering dates by ceasing ethephon application on different dates 
within a specific crop (Hayashi et al., 2001).  
Stem elongation and plant height are affected by ethephon application. For 
instance, ethephon applications at 1000 mg.L-1 reduces flower stem height of daffodils 
and tulips (Moe, 1980). Ethephon application also decrease cutting leaf size (Faust and 
Lewis, 2005). This feature allows stock plant growers to achieve uniformly small leaves 
so cuttings can be spaced more closely together in propagation trays. Johnson et al. 
(1982) found that ethephon applications reduced intercellular spaces in ficus 
(Ficus benjamina), which in turn reduced leaf area. Similarly, leaf area of tomato plants 
was reduced when the plants were sprayed with 300 mg.L-1 ethephon (Woodrow et al., 
1988).  
One potential negative side-effect of ethephon is phytotoxicity with most species 
following multiple applications at high rates. Plants treated with 500 or 1000 mg.L-1 
ethephon exhibit apical meristem necrosis and leaf yellowing (Leatherwood et al., 2009). 
Hayashi et al (2001) found leaf necrosis on monarda ‘Blue Stocking’ (Monarda didyma) 
when treated with ethephon at 1000 mg.L-1. Glady et al (2007) observed leaf necrosis in 
veronica (Veronica longifolia) with weekly ethephon applications of 600 and 800 mg.L-1.  
An additional drawback to ethephon use on stock plants is the potential for 
autocatalytic ethylene production following application. If cuttings are harvested shortly 
after receiving an ethephon application, they will continue to evolve ethylene in the 
postharvest environment, which often results in leaf chlorosis or leaf abscission 
(Leatherwood et al., 2009). Plant sensitivity to ethylene is dependent on the carbohydrate 
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status of the cutting: cuttings with higher levels of carbohydrates are less sensitive to leaf 
senescence when exposed to ethylene. An inverse relationship between carbohydrate 
content at cutting harvest and postharvest leaf senescence was observed in geraniums 
(Rapaka et al., 2008). To avoid ethylene-related postharvest problems, commercial stock 
plant growers end ethephon applications on specific dates relative to cutting harvest or 
apply very low rates of ethephon throughout the cutting harvest season.  
The Effect of Temperature on Plant Development  
Annual floriculture crops are frequently grown inside greenhouses to control plant 
development rates by manipulating temperatures. Plant development rate depends on the 
rate of cell division in meristematic plant tissues, which is driven by the activation energy 
of reaction molecules, i.e., the number of active molecules increases as temperature 
increases (Jones, 1983). Reaction rates increase with an increase in activation energy 
equal to or higher than the minimum activation energy required for that particular 
reaction. As biochemical reaction rates increase with temperature, plants develop at faster 
rates up to a species-specific optimum temperature. Through the manipulation of 
temperature, crop timing can be controlled to appropriately attain specific market target 
weeks (Heins et al., 1998). Estimating total crop time through the use of prediction 
models have aided the production of several important floriculture crops, such as 
poinsettia (Liu and Heins, 1997), Easter lily (Erwin and Heins, 1990), and 
chrysanthemum (Larsen and Persson, 1999). 
Average daily temperature (ADT) is a common measurement used to describe 
plant developmental responses, such as leaf unfolding and flowering (Roberts and 
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Summerfield, 1987). The amount of time necessary for specific developmental responses 
to occur can be described as a function of ADT where developmental events are 
expressed as the number of days to reach a particular event (n) or as a developmental rate 
calculated as the reciprocal of the number of days (1/n). A simple linear function can be 
used to explain the relationship between ADT and rate of plant development, as ADT 
increases from the base temperature (Tbase) to the optimum temperature (Topt)(Adams et 
al., 1997). For example, the rate of progress to flower increased linearly as temperature 
increased from 15.2 to 29.8 °C for sundrop (Oenothera fruticosa) (Clough et al., 2001), 
from 14.0 to 29.8 °C for balloon flower (Platycodon gradiflorus)(Park et al., 1998), from 
15.0 to 27.0 °C for tussock bellflower (Campanula carpatica)(Niu et al., 2001; Whitman 
et al., 1997), and from 15.0 to 26.0 °C for large-flower tickseed (Coreopsis grandiflora), 
blanketflower (Gaillardia ×grandiflora), Shasta daisy (Leucanthemum ×superbum) and 
black-eyed Susan (Rudbeckia fulgida) (Yuan et al., 1998). Similarly, the leaf-unfolding 
rate (LUR) of Easter lily (Liliium longiflorum) increased linearly between 14.0 and 
30.0 °C (Karlsson et al., 1988).  
Plant development models often use Tbase, Topt, and Tmax as parameters to describe 
the effect of ADT on time to flower (Blanchard and Runkle, 2011; Blanchard et al., 2011; 
Brøndum and Heins, 1993; Hidén and Larsen 1994; Larsen and Hidén, 1995; Larsen and 
Persson, 1999; Larsen, 1988; 1989)(Fig. 2.1). For example, parameter estimates are 
generated for the following equation below: 
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Rate of development ( 1
 n 
) = A × ADT − Tbase × (Tmax −  ADT)
B  
   A = Rmax
[(Topt  Tbase) × (Tmax  Topt)
B]   
   
  B = 
(Tmax  Topt) 
(Topt  Tbase)  
    
where Rmax is the maximum rate of development, and B is the asymmetrical skew of the 
model (Blanchard and Runkle, 2011). Studies that have estimated Tbase and Topt on flower 
development have found that these values are species-specific. For example, Whitman et 
al. (1997) estimated Tbase for flowering to be 0°C for tussock bellflower. Blanchard 
(2009) estimated Tbase for two species, browallia (Browalia speciosa) and summer 
snapdragon (Angelonia angustifolia) to be 9 and 10 °C, respectively. The Tbase for 
campanula flower development from visible bud to open flower is 1.8 °C (Niu et al., 
2001), whereas for potted rose, Tbase is between 8.1 to 9.5 °C from budbreak to flower. 
Variation for Topt varied from 19.1 °C in dahlia to 28.0 °C in blue salvia (Salvia 
farinacea) (Blanchard and Runkle, 2011). For pansy (Viola ×wittrockiana), Topt for 
flowering rate is 21.7 °C (Adams et al., 1997), and in geranium, Topt is 28.3 °C (Armitage 
et al., 1981). 
Plant injury or death can occur with an extended amount of time exposed to 
temperatures either below Tbase or above Tmax; therefore, the plant developmental rate is 
zero when ADT is ≤Tb or ≥Tmax (Lie and Huang, 2000; Raison et al., 1980). High 
temperature exposure caused developmental delays in flowering for calendula (Calendula 
officinalis), chrysanthemum (Chrysanthemum morifolium), impatiens (Impatiens 
wallerana), pansy (Viola × wittrockiana), snapdragon (Antirrhinum majus), and torenia 
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(Torenia fournieri) as reported with greater node numbers below the first open flower 
occurring prior to flowering (Warner and Erwin, 2005; 2006; Whealy et al., 1987). Heat 
delay is the phrase that is used to describe a decrease in flowering rate at ADTs 
exceeding Topt (Warner and Erwin, 2006).  
Studies investigating the effect of temperature on flowering time report a decrease 
in time to flower as ADT increases for a species-specific range. A decrease in time to 
flower occurred with an increase in ADT for petunia (Petunia ×hybrida) (Adams et al., 
1999), evening primrose (Oenothera fruticosa) (Clough et al., 2001), and cosmos 
(Cosmos atrosanguineus) (Kanellos and Pearson, 2000). For example, when temperatures 
increased from 15 to 22 °C, time to visible bud and time to flower decreased for 
angelonia (Angelonia angustifolia) (Miller and Armitage, 2002), French marigold 
(Tagetes patula) (Moccaldi and Runkle, 2007), pansy (Viola ×wittrockiana), campanula 
(Campanula carpatica) (Niu et al., 2000; 2001), impatiens (Pramuk and Runkle, 2005), 
and geranium (White and Warrington, 1988). A decreased flowering time in response to 
ADT can be explained through several instances, such as earlier flower initiation that is 
observed through apical dissections, or by reduced leaf number below the first open 
flower (Adams et al., 1998; Mattson and Erwin, 2003), as well as from a faster flower 
development rate (Brøndum and Heins, 1993; Faust and Heins, 1994; Karlsson and 
Werner, 2001; Pietsch et al., 1995; Whitman et al., 1997; Yuan et al., 1998).  
 Bud development models have been created as a useful way to predict crop 
flowering time. Measurements of bud length or diameter are periodically taken from the 
start of a visible bud through expansion, until eventually an open flower appears. Healy 
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and Wilkins (1984) developed the bud meter concept in which a mathematical model was 
incorporated into a measuring device. Time to flower was estimated by holding the bud 
meter up to an Easter lily bud, and the tip of the bud lines up with the number of DTF at 
different temperatures. Fisher et al. (1996) refined the original Healy-Wilkins Easter lily 
bud expansion model by using an exponential rather than linear model that provided a 
better fit to the data and had fewer model parameters. Faust and Lewis (2005) created a 
bud development model for growers to schedule New Guinea Impatiens for specific 
market weeks by measuring flower bud width from visible bud phase (2 mm) to the open 
flower phase from 15 to 25 °C. Flower bud width increased linearly from 2 to 9 mm, and 
the time from the visible bud to open flower was 31, 43, or 72 d at 25, 20, and 15 °C, 
respectively. Flower development models, such as the above examples, provide a 
valuable decision-support tool for growers to improve their ability to target specific 






Figure. 2.1. Rate of development towards an event versus temperature. Rate of 
development is zero at the base temperature (Tbase), then increases to the optimum 
temperature (Topt) at which the plant developmental rate is maximal, then decreases 





















THE EFFECT OF DAILY LIGHT INTEGRAL, ETHEPHON, AND CUTTING NODE 
POSITION OF IMPATIENS ×HYBRIDA STOCK PLANTS ON FLOWERING OF THE 
HARVESTED UNROOTED CUTTINGS 
 
Abstract 
This investigation focused on the effect of stock plant production and cutting harvest 
methods on the performance of cuttings harvested from those stock plants. Specifically, 
the effect of daily light integral (DLI), ethephon spray applications, and cutting node 
position of hybrid impatiens (Impatiens ×hybrida) ‘Compact Electric Orange’ stock 
plants on the flowering of the harvested cuttings was examined. The DLI treatments were 
grouped in ranges of low (5.1-5.5 mol.m2.d-1), medium (7.6-8.8 mol.m2.d-1) and high 
(10.3-12.0 mol.m2.d-1) levels. The stock plants were treated weekly with 0, 50, 100, 200, 
or 300 mg.L-1 ethephon. Cuttings were removed from six node positions on the stock 
plants (NPSP), which refers to the location on the stock plants from which the cuttings 
were harvested. Time to flower decreased as DLI increased from 5.1 to 12.0 mol.m2.d-1, 
as ethephon concentrations increased from 0 to 300 mg.L-1, and as NPSP moved from 
upper NPSP within the canopy to lower NPSP. Time to flower was highly correlated to the 
node position on the cutting (NPC) and the appearance of the first flower. For example, 
when flowers appeared in the first node, time to flower was 2.5 weeks, while flowers that 
appeared in the seventh node flowered in 9.0 weeks. These results demonstrate how stock 
plant management practices can be manipulated to produce cuttings that allow growers to 
produce flowering plants on different schedules, i.e., production time can be shortened 
from conventional flowering schedules, which may allow hybrid impatiens to be 
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produced and marketed similar to bedding plant species such as impatiens 
(Impatiens walleriana). 
Introduction 
U.S. businesses import over 1 billion unrooted cuttings annually (U.S. Census 
Bureau, 2018) to propagate and grow to a flowering stage for the domestic market. 
Vegetative cuttings allow propagators to maintain true-to-type genetic stability and 
uniform growth and development, allowing for synchronization of plant production and 
increased automation (Druege, 2009). Vegetative cuttings are produced on well-branched 
stock plants that are maintained in a vegetative state so that shoots can be harvested on a 
weekly basis (Faust et. al., 2016). The top three countries for exporting unrooted cuttings 
to the U.S. are Guatemala, Costa Rica, and Mexico with reported annual US custom 
values of 23, 18, and 14 million dollars respectively (U.S Census Bureau, 2018). 
 Impatiens comprise several popular ornamental species long valued in the 
floriculture industry for their highly decorative flowers and long blooming season. 
Bedding plant impatiens (Impatiens walleriana) have been a popular, seed-propagated, 
species since the 1970s. New Guinea Impatiens (Impatiens hawkeri) have been a popular 
vegetatively propagated species since the 1980s. Hybrid impatiens (Impatiens ×hybrida) 
were introduced in the 2000s and are vegetatively propagated with flowers and foliage 
that resembles New Guinea impatiens, but with improved landscape performance and 
higher tolerance to sunlight. SunPatiens™ is a trademarked series of hybrid impatiens 
with an annual wholesale market value of ~$95M (Mark Seguin, personal 
communication, March 8, 2019). SunPatiens have grown in popularity due to their 
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exceptional landscape performance and their resistance to impatiens downy mildew 
(Plasmopara obducens), which causes rapid defoliation of bedding plant impatiens in the 
landscape (Wegulo et al., 2004).  
Two market challenges limit further growth of the hybrid impatiens market and 
their ability to compete with bedding plants in the landscape market. First, hybrid 
impatiens are larger than typical bedding plant species, so they are sold in larger 
containers at a higher price point. Second, hybrid impatiens have a longer production 
time than bedding plant impatiens, which also makes them comparatively more expensive 
to produce. Therefore, this project examines methods of growing stock plants in order to 
produce hybrid impatiens cuttings that can be grown in smaller, bedding plant-style 
containers that flower on a faster schedule.  
Light management within the greenhouse environment is a critical factor for stock 
plant production that influences cutting yield and performance (Blanchard and Runkle 
2011; Tollenaar and Aguilera, 1992). Daily light integral (DLI) is the accumulated total 
of photosynthetically active photons delivered over the course of one day and is a useful 
measurement for assessing the light environment for the purpose of crop growth 
management. A wide range of DLI values occur throughout the year, e.g., from 5 to 
60 mol.m2.d-1 outdoors and from 1 to 25 mol.m2.d-1 inside greenhouses (Faust and Logan, 
2018). Providing the desired DLI to specific crops can be achieved through the use of 
supplemental lighting, retractable roofs, and/or retractable shade curtains. In stock plant 
production, DLI affects branching and thus the number of cuttings harvested from each 
stock plant (Glady et al., 2007). For example, Donnelly and Fisher (2002) reported a 73% 
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increase in the total number of viable cuttings harvested from fan flower (Scaevola 
aemula R. Br) stock plants when supplemental lighting from high-pressure sodium lamps 
delivered a DLI of 2.8 mol.m2.d-1 in addition to the ambient DLI of 6.2 mol.m2.d-1. 
Increases in cutting stem diameter and cutting yield have been observed for stock plants 
of bacopa (Jamesbrittenia grandiflora), heliotrope (Heliotropium arborescens), and 
thunbergia ((Thunbergia alata) as DLI increased from 4 to 14 mol.m2.d-1 (Lopez, 2007). 
Although the general effects of DLI on stock plants have been documented, the 
subsequent effects on the flowering of cuttings harvested from stock plants grown under 
different DLIs has not been explored. 
Prolific flowering is a desirable market trait selected for by ornamental plant 
breeders; however, the presence of flowers on stock plants poses a cutting production 
challenge due to reductions in cutting yield (Faust and Lewis, 2005). Floral development 
on stock plants can be inhibited or delayed with the application of ethephon [(2-
chloroethyl) phosphonic acid] (Latimer and Whipker, 2013). Ethephon delays flowering 
in many species when treated with rates of 250-1000 mg.L-1. For example, two 
applications of 250 to 1000 mg.L-1 ethephon delays flowering of streptocarpus 
(Streptocarpus ×hybrida) by 20 to 39d, respectively (Currey and Flax, 2015). Continuous 
weekly applications of ethephon can completely inhibit flowering until applications 
cease.  
Cuttings are harvested from the uppermost part of the stock plant. The specific NP 
on the stock plant from which the lateral shoots emerge affects the shoot’s vegetative or 
reproductive nature (Faust and Grimes, 2005). In a study with nemesia 
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(Nemesia fruticans), the NP of the axillary bud on the stock plant determines the number 
of nodes formed on the lateral shoot before the terminal flower appears (Faust and 
Grimes, 2004). For example, lateral shoots from higher node positions develop fewer 
nodes before flowering. Thus, cuttings harvested from lower NP were more vegetative 
and flowered at a later date. Harvesting a more vegetative shoot is typically a more 
desirable option because the vegetative shoot does not prematurely initiate flowers in 
propagation.  
In this study, stock plant management techniques and NPSP of the harvested 
cuttings were explored on hybrid impatiens for the purpose of producing unrooted 
cuttings that flowered on a predictable schedule. Specifically, DLI, ethephon application 
rates, and NPSP treatments provided to stock plants were examined for their effect on the 
flowering of harvested cuttings. The results provide stock plant growers with useful 
strategies for producing cuttings that have a predictable flowering schedule. 
Materials and Methods 
 
Two hundred sixteen Impatiens ×hybrida ‘Compact Electric Orange’ plants were 
grown as stock plants for eight weeks. During this time, the stock plants received three 
DLI and five ethephon treatments. Cuttings were removed from six different node 
locations on the stock plants, defined as the NPSP treatments. The harvested cuttings were 
propagated and grown to flower. The DLI, ethephon and NP treatments are described as 
follows: 
DLI treatments. Three DLI environments were created using three benches (7.3 m × 
1.5 m) in one greenhouse that were each subdivided into three sections (7.3 m × 1.5 m × 
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0.9 m) separated with aluminized radiant barriers (Double Reflective Insulation, Reflectix 
Inc., Markleville, In.). Twenty-four plants were placed in each of the nine bench sections. 
Shade cloth was positioned over one-third of the sections to provide 55% photosynthetic 
photon flux density (PPFD) reduction (Tempa Climate Screen, Ludwig Svensson, 
Charlotte, N.C.), while one-third of the sections were shaded with 30% PPFD-reduction 
shade cloth (Green-Tek Inc., Dinuba, Cal.). The remaining one-third of the sections 
received ambient PPFD. The three DLI sections were randomized on each of three 
benches. Line quantum sensors (SQ-316-SS: Apogee Instruments, Logan, Ut.) were 
placed immediately above the stock plant canopy in one of each of the DLI environments 
to measure PPFD every 10 s while recording 15-min averages with a data logger 
(CR206X, Campbell Scientific, Logan, Ut.). The mean DLI for each of the three 
treatments over the course of the first replication of the experiment was 5.5 ±1.3, 
8.8 ±1.4, and 12.0 ±1.4 mol.m2.d-1. The mean DLI provided for each of the three 
treatments during the second replication of the experiment was 5.1 ±1.3, 7.6 ±1.5, and 
10.3 ±1.5 mol.m2.d-1. The lowest, middle and highest DLI treatments provided during 
each of the two replications will be referred to as the low, medium and high DLI 
treatments. 
Ethephon treatments. In replication 1 of this experiment, six stock plants within each DLI 
treatment received weekly spray applications of 0, 100, 200 or 300 mg.L-1 ethephon and a 
surfactant (0.4 mL.L-1 Capsil, Aquatrols, Paulsboro, N.J.) with a hand sprayer at a rate of 
137 mL.m-2 between 0700 and 0800 HR. Ethephon rates were adjusted in the second 
replication of this experiment replacing 100 mg.L-1 ethephon with 50 mg.L-1 resulting in 
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ethephon concentrations of 0, 50, 100, or 300 mg.L-1 and this change was handled as an 
additional treatment level to the experiment resulting in five ethephon rates to be 
investigated. The ethephon treatments were applied once per week for eight weeks.  
Node position treatments. The primary shoot of the stock plant was pinched to three 
nodes at the start of the experiment, and the secondary shoots emerged from leaf axils of 
the remaining nodes (Fig. 3-1). After four nodes developed on the secondary shoot, the 
shoot was pinched below the 4th node, leaving three nodes behind, and the tertiary shoots 
emerged from the leaf axils of the remaining nodes. Cuttings were harvested from the 
tertiary shoots once the appropriate number of nodes had developed, and the harvested 
cuttings were identified by the secondary and tertiary NPSP from which they developed. 
For example, each cutting developed from 1 of 3 secondary NPSP, and each cutting 
possessed two visible tertiary nodes of which the lowest NPSP was recorded; therefore, 
the numbering system for the cuttings consisted of a secondary NPSP (1, 2 or 3) and a 
tertiary NPSP (2 or 3). The result was that NPSP treatments consisted of six combinations 
of the secondary and tertiary node positions as follows: 1-2, 2-2, 3-2, 1-3, 2-3, or 3-3, 
where the first number is the secondary NPSP from which the shoot originated and the 





Figure 3.1. Diagram describing the six stock plant node positions (NPSP) treatments. 
Squares identify the secondary NPSP, and circles identify the tertiary NPSP. The NPSP 
treatments are described by the secondary NPSP from which the shoot originated and the 
lowest of the two tertiary NPSP on the cutting.  
 
Data collection. Cuttings were harvested as they reached the appropriate node positions, 
which occurred from the third to the eighth week of the DLI × ethephon treatments. The 
harvested cuttings were propagated and grown until the first flower appeared on each 
plant. The lowest node on the cutting was positioned at the top of the propagation 
medium so that all nodes were visible throughout the experiment, and the NPC were 
numbered from the base of the cutting to the top, starting with 1. The NPC where the first 
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open flower appeared was recorded for each plant as was the time to first open flower. 
Branching of the flowering plants was quantified by counting the number of axillary 
shoots >2 cm long emerging from the primary stem 10 weeks after cutting harvest. 
General procedures. Two replications of the experiment were conducted in two 
consecutive growing seasons: summer and fall of 2019. Stock plants were grown in 
1.33-L containers with a peat-based growing medium (Fafard® 3B, Sun Gro, Anderson, 
S.Car.). A constant liquid fertigation program using Peter’s Excel Cal-Mag Special 
(15N–2.2P–12.5K–5Ca–2Mg; Scotts-Sierra, Marysville, Oh.) provided 150 mg.L-1 N 
every other week, while water was applied as needed. The cuttings harvested from the 
various treatments were propagated in 105-cell trays with a peat-based propagation 
medium (Sunshine® Redi-Earth, Sun Gro, Anderson, S.C.) for 2 weeks and transplanted 
to six-pack trays (6 cells/container, 145 mL/cell) filled with the same peat-based medium 
used for the stock plants. Fertilization of the cuttings occurred every other week 
delivering 200 mg.L-1 N at each fertigation event. In the stock plant environment, the 
average daily temperatures were 24.5 ±2.4 and 24. ±2.1 °C for replication 1 and 2, 
respectively. During the flowering phase, the average daily temperatures were 24.3 ±2.3 
and 20.8 ±2.6 °C for replication 1 and 2, respectively.  
Experimental design and data analysis. The experimental design was a split-split plot 
arrangement with a factorial treatment structure. The factors investigated were three 
levels of the whole plot factor (DLI), five levels of the subplot factor (ethephon), and six 
levels of the sub-subplot factor (NPSP). The DLI treatments were randomly assigned to 
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each of three greenhouse benches. Ethephon treatments were randomly assigned to the 
stock plants within each DLI treatments. Each stock plant produced two cuttings from 
each of the six NPSP treatments for a total of 12 cuttings harvested per stock plant. 
Analysis of variance was performed using JMP Pro version 13.2.0 (SAS Institute Inc, 
Cary, N.C.) 
Results 
Time to flower was affected by the significant interaction between ethephon, DLI, 
and NPSP (Table 3-1). In general, low rates of ethephon have a greater effect on flowering 
at the low and medium DLI levels compared to high DLI level. High rates of ethephon 
have a strong effect on flowering across all DLI treatments when cuttings are harvested 
from low NPSP, while the effect of ethephon is dampened on cuttings harvested from at high DLI 




Table 3.1. ANOVA for the effect of daily light integral (DLI), ethephon, and node 
positions on the stock plants (NPSP) on time to flower, node position of the first flower on 
the cutting (NPC), and the number of axillary shoots formed 10 weeks after the start of 
propagation of hybrid impatiens ‘Compact Electric Orange’. 




Response Factor F-ratio Significance P-value 
Time to flower DLI 77.4 *** <0.0001 
 Ethephon 1404.5 *** <0.0001 
 NPSP 87.8 *** <0.0001 
 DLI × Ethephon  27.2 *** <0.0001 
 DLI × NPSP 2.3 * 0.0108 
 Ethephon × NPSP 13.4 *** <0.0001 
 DLI × Ethephon × NPSP 1.8 ** 0.0018 
     
NPC DLI 29.8 ** 0.0006 
 Ethephon 1810.4 *** <.0001 
 NPSP 103.8 *** <.0001 
 DLI × Ethephon 17.1 *** <.0001 
 DLI × NPSP 1.4 n.s. 0.1673 
 Ethephon × NPSP 6.2 *** <.0001 
 DLI × Ethephon × NPSP 2.3 *** <.0001 
     
Number of axillary shoots DLI 48.0 *** <.0001 
 Ethephon 805.4 *** <.0001 
 NPSP 13.7 *** <.0001 
 DLI × Ethephon 7.4 *** <.0001 
 DLI × NPSP 2.2 * 0.0153 
 Ethephon × NPSP 8.5 *** <.0001 




Figure 3.2. The interaction of ethephon, daily light integral (DLI), and node position  
(NPSP) treatments on time to flower of hybrid impatiens harvested cuttings. The DLIs 
from experimental replication one and two are grouped together into their respective low, 
medium, and high levels. Weekly ethephon applications were made to stock plants for 
8 weeks. Cuttings were harvested at six NPSP treatments, which refers to the position of 
the cutting within the stock plant canopy. The NPSP treatment is shown in the upper left 
hand of each figure where the first number identifies the secondary NPSP and the second 
number identifies the lowest tertiary NPSP on the cutting. Vertical bars represent +1 SE 
(n=12 for ethephon rates of 50 and 200 mg.L-1 and n=24 for ethephon rates of 0, 100, and 
300 mg.L-1). 
 
The significant three-way interaction between DLI, ethephon, and NPSP can be 
understood by considering the effect of each of these factors on flowering. High DLI 
promotes flowering due to the increased availability of carbohydrates to support 
A. 1-2 B. 2-2 C. 3-2 
D. 1-3 E. 2-3 F. 3-3 
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reproductive development, although hybrid impatiens have a relatively low DLI 
requirement for flowering. Ethephon inhibits flowering. Flowering is more likely to occur 
with each additional node that develops within the canopy, i.e., nodes in higher NPSP are 
more likely to differentiate flower primordia in the leaf axil, while the lower NPSP are 
more likely to differentiate vegetative primordia that will contribute to increased 
branching, leaf area, and light interception (Faust and Grimes, 2005). Therefore, when no 
ethephon was applied, flowering occurred rapidly even if the DLI was relatively low, 
thus flowers initiated and developed in lower NPSP, and time to flower was relatively fast. 
As ethephon rates increased from 50 to 200 mg.L-1, flowering was delayed, and the 
magnitude of the delay was greater at the low DLI and at lower NPSP. When the 
flowering signal was stronger, e.g., high DLI and high NPSP, the effect of ethephon is 
dampened. As ethephon application rates increased from 200 to 300 mg.L-1, flowering 
was completely inhibited at the entire range of DLI treatments provided in this study 
when considering cuttings harvested from low NPSP. However, at the highest NPSP and 
the high DLI treatment, the highest ethephon rate (300 mg.L-1) did not create an entirely 
vegetative cutting. Thus, when high rates of ethephon (300 mg.L-1 ethephon) were 
applied, flowering occurred 1-2 weeks faster on cuttings coming from the high DLI and 
high NPSP treatments compared to the low DLI and low NPSP treatments. The 300 mg.L-1 
ethephon treatment produces a fully vegetative cutting at the low DLI and low NPSP 
treatments, i.e., a cutting that requires the maximum time to flower (~9 weeks). 
 The NPC of the first open flower responded to the ethephon, DLI and NPSP  
treatments in a very similar pattern as the time to flower data, such that the 3-way 
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interaction of these factors was also significant (Table 3.1, Fig. 3.3). Since each node 
takes approximately 7-9 days to develop at the temperatures used in this study, plants that 
flowered in higher NPC also flowered at a later date. For example, stock plants treated 
with the 0 mg.L-1 ethephon and cuttings harvested from a high NPSP treatment typically 
developed the first flower in NPC 1. As the NPSP treatment occurred lower in the canopy, 
the 0 mg.L-1 ethephon-treated plants flowering in NPC 2. As the ethephon rate increased 
from 50 to 300 mg.L-1, the NPC of the first flower increased from 2 to 6. In general, as 
DLI increased to the high treatments and ethephon was applied at an intermediate rate (50 






Figure 3.3. The interaction of ethephon, daily light integral (DLI), and node position 
(NPSP ) treatments as a function of flowering node for hybrid impatiens harvested 
cuttings. The DLIs from experimental replication one and two are grouped together into 
their respective low, medium, and high levels. Weekly ethephon applications were made 
to stock plants for 8 weeks. Cuttings were harvested at various NPSP, which refers to the 
position of the cutting within the stock plant canopy. The NPSP is shown in the upper left 
hand of each figure where the first number identifies the secondary NPSP and the second 
number identifies the lowest tertiary NPSP on the cutting. Vertical bars represent +1 SE 
(n=12 for ethephon rates of 50 and 200 mg.L-1 and n=24 for ethephon rates of 0, 100, and 
300 mg.L-1). 
 
Figure 3.4 demonstrates the relationship between the two flowering responses 
presented in Figures 3.2 and 3.3. Time to flower increased as NPC where the first flower 
appeared increased up to a point where an asymptote was approached at 9 to 10 weeks 
A. 1-2 B. 2-2 C. 3-2 
D. 1-3 E. 2-3 F. 3-3 
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after cutting harvest. Plants that flowered in <4 weeks were associated with the first 
flower appearing in the two bottommost NPC. Cuttings that were completely vegetative at 
the time of harvest produced their first flower in NPC 6-9, which opened 9 to 10 weeks 
after cutting harvest.  
 
 
Figure 3.4. Relationship between time to first open flower and the node position (NPC )  
associated with the first open flower of hybrid impatiens ‘Compact Electric Orange’. 
Node position of the first open flower was recorded by counting the number of nodes 
formed from the growing medium upwards on the primary stem. Each data point 
represents a calculated mean value and the vertical bars represent the standard 





The number of axillary shoots formed 10 weeks after the cuttings were harvested 
was most affected by the ethephon treatments (Table 3.1). For example, the number of 
axillary shoots increased from 1.4 to 5.2 as ethephon increased from 0 to 300 mg.L-1 (Fig. 
3.5). The number of axillary shoots decreased as DLI levels increased, with a larger 
decrease occurring when DLI increased from the medium to the high level, e.g., the 
number of axillary shoots decreased from 4.0 to 3.4 as DLI increased from the medium to 
high level. The interaction between DLI and ethephon was most apparent at low levels of 
ethephon. In general, branching was more frequently observed at the low and medium 
levels of DLI when ethephon concentrations were between 0 to 200 mg.L-1. As ethephon 
increased to 300 mg.L-1, low, medium, and high DLI levels had a similar number of 
axillary shoots. For the main effect of NPSP, axillary shoot number increased from 3.6 to 

























Figure 3.5. The interaction of ethephon, daily light integral (DLI), and node position 
(NPSP ) treatments applied to stock plants as a function of the number of branches formed 
(axillary shoots) of hybrid impatiens emerging from the primary stem at 10 weeks after 
cutting harvest. The DLIs from experimental replication one and two are grouped 
together into their respective low, medium, and high levels. Weekly ethephon 
applications were made to stock plants for 8 weeks. Cuttings were harvested at various 
NPSP, which refers to the position of the cutting within the stock plant canopy. The NPSP 
is shown in the upper left hand corner of each figure where the first number identifies the 
secondary NPSP and the second number identifies the lowest tertiary NPSP on the cutting. 
Vertical bars represent +1 SE (n=12 for ethephon rates of 50 and 200 mg.L-1 and n=24 for 
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Flower development on stock plants is undesirable; therefore, hybrid impatiens 
stock plant growers typically provide a relatively low DLI to the stock plants and/or 
apply ethephon to produce vegetative cuttings. However, completely vegetative cuttings 
require a relatively long time to flower (~9 weeks). The present study demonstrates how 
stock plant management practices influence the time to flower of the harvested cuttings 
and thus provide guidance for how to manage stock plants to manipulate flowering time 
of the harvested impatiens cuttings. For the finished plant grower, reducing the time to 
flower from 8 to 5 weeks allows one to finish three crops during a 4-month spring season 
rather than just two crops. Such changes have tremendous economic implications. 
Across all DLI and NPSP treatments, cuttings flowered from 2 to 9 weeks after 
sticking depending on the rate of ethephon applied. Thus, the best approach for stock 
plant growers may be (1) to provide a DLI of 10-12 mol.m-2.d-1 to the stock plants, since 
this will provide high cutting yield and quality (Lopez, 2007), and (2) choose an 
appropriate rate of ethephon to produce cuttings that will flower at a desired time. For 
example, high rates of ethephon can be applied to the stock plants if vegetative cuttings 
are desired, but if faster flowering of the harvested cuttings is desirable, then lower rates 
of ethephon can be applied.  
One concern about growing stock plants under low ethephon application rates and 
high DLI is that more highly reproductive cuttings may not have a sufficient number of 
vegetative nodes to create a high-quality landscape plant. Since impatiens flowers appear 
in leaf axils, vegetative lateral shoots are the source of future flowers in the landscape. 
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Rapid flowering plants in the greenhouse could potentially create an inferior plant for the 
consumer by limiting the nodes having potential to form additional lateral shoots and 
subsequent flowers. Our observations are that two vegetative shoots per plant are 
sufficient for providing adequate post-transplant growth, and our results suggest that a 
minimum of 50 mg.L-1 ethephon needs to be applied to the stock plants to produce at least 
two vegetative shoots per plant. Thus, insufficient branching is a legitimate concern if 
ethephon is completely eliminated during stock plant production.  
Node position of the harvested cutting affects flowering of that cutting; however, 
it is not realistic that the node position of the every harvested cutting can be tightly 
managed during stock plant production due to the economic need for rapid harvesting. In 
our study, the variation from the lowest to the highest NPSP was relatively small 
compared to the ethephon response; thus, the inability to accurately control NPSP of the 
harvested cuttings should not limit the stock plant grower from producing cuttings with 
predictable flowering schedules. Similar responses of time to flower on the NPSP have 
been demonstrated on other species. For example, in a study using miniature rose, 
cuttings were harvested at low, medium, and high positions within the stock plant 
canopy. The high NPSP cuttings showed the fastest floral development (Bredmose et al., 
2004). A study on the influence of the physiological maturity (3, 6, 9, or 12 nodes) and 
type of cutting (whole cutting, top-half, or bottom-half) taken from statice (Limonium) 
stock plants showed that mature whole and top-half cuttings (apical meristems present) 
with 9 and 12 nodes () take the shortest time to flower with a reduced variation in 
flowering time (Funnell et al., 2003). 
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The use of greenhouse space in commercial operations must be optimized to 
maintain profitability (Will et al., 1999; Whipker and McCall, 2000). Crops that flower 
rapidly and uniformly allow the greenhouse space to be re-planted and grow additional 
crops. Hence, producing cuttings that flower in a shorter time period has considerable 
commercial appeal. The results of this study provide guidance to stock plant growers 
toward methods of producing stock plants and harvesting cuttings that allow propagator-
growers to more closely control flowering whether it be for faster or slower flowering. 
Faster flowering crops can be finished in smaller containers that are more 
appropriate for the landscape market. This would allow hybrid impatiens to be produced 
and sold in multi-unit packs, like bedding plants. The established market for hybrid 
impatiens has been for larger plants grown in individual containers that take a longer time 
to flower, so these results may allow for the development of hybrid impatiens as a high-
volume bedding plant.  
In conclusion, a predictable flowering time for a hybrid impatiens cutting from 
the time of cutting harvest to first open flower can be achieved by controlling factors 
within the stock plant environment. Ethephon and DLI can be managed to provide 
cuttings that flower on various schedules suitable to the grower that propagates and 









MODELING THE EFFECT OF TEMPERATURE ON IMPATIENS ×HYBRIDA 




The effect of average daily temperature (ADT) on flower bud development and 
subsequent time to flower was investigated on hybrid impatiens (Impatiens ×hybrida) 
cultivars ‘Compact Electric Orange’ (CEO), ‘Compact Hot Coral’ (CHC), and ‘Compact 
Orchid Blush’ (COB). Plants with a visible flower bud measuring 2-mm in width were 
placed in one of four greenhouses with ADT ranging from 16.6 to 28.1℃. Flower bud 
width was measured every 3 d in each ADT treatment until flowering. The subsequent 
days to flower (DTF) from the onset of a visible bud decreased from 36.7 to 25.3 d as the 
ADT increased from 16.6 to 28.1℃. The DTF from visible bud varied from 1 to 3 d 
among the three cultivars across all temperatures; therefore, cultivar data were pooled in 
order to create a stronger prediction model. A logistic formula was used to predict the 
remaining DTF as a function of flower bud width and ADT. The flowering prediction 
model accurately described the effect of bud width and ADT on flowering time within 
±3.5 d for 72% of the 1021 individual bud measurements recorded during 
experimentation. The resulting time to flower model provides greenhouse growers with a 
guide for manipulating temperature to flower plants for specific market weeks based on 







Specific market weeks govern the production of greenhouse-grown ornamental 
plants; therefore, predictability of flowering dates is essential for commercial growers. To 
predict flowering, the crop’s current developmental status and its future rate of 
development must be accurately determined. The time necessary for the completion of a 
developmental stage, such as leaf unfolding or floral development, is converted to a rate 
by calculating the reciprocal of time, e.g., 1 DTF . Mathematical functions are used to 
relate the plant development rate to environmental factors such as temperature (Erwin 
and Heins, 1990; Fisher et al., 1996). These models can be used as decision-support tools 
that allow growers to manipulate greenhouse temperatures to improve their ability to 
match crop timing to market weeks. 
The rate of progress toward a developmental event, such as flowering, is largely a 
function of ADT (White and Warrington, 1984). The rate of plant development in 
response to ADT increases from zero to a maximum value between the base temperature 
and optimum temperature (Adams et al., 1997; Karlsson et al., 1988; Tollenaar et al., 
1979). Developmental rates decrease as temperatures exceed the optimum temperature. 
Models that describe flower development rates as a function of ADT have been 
developed for many species and these prediction models allow the user to determine the 
current stage of flower development and then predict the remaining DTF based on the 




The genus Impatiens comprises several popular ornamental species valued in the 
floriculture industry for their highly decorative flowers and long blooming season. For 
several decades, the most popular commercial species was the bedding plant impatiens 
(Impatiens walleriana); however, the wholesale value dropped from over $133M in 2009 
to $91M in 2014 (USDA, 2014) due to a new race of impatiens downy mildew 
(Plasmopara obducens) that causes rapid defoliation in the landscape (Wegulo et al., 
2004). New Guinea Impatiens (I. hawkeri) were first introduced into the U.S. in 1970s 
and have grown in popularity over many decades. New Guinea impatiens are resistant to 
impatiens downy mildew as are the hybrid impatiens marketed under the brand name 
SunPatiens®, which resemble New Guinea impatiens in appearance but are more tolerant 
of high light conditions. SunPatiens® accounted for nearly 50% of all New Guinea-type 
Impatiens sold in North America in 2019 and have a wholesale market value of ~$95M 
(Mark Seguin, personal communication). 
The objectives of this study were to investigate the effect of ADT on bud 
expansion from visible bud to open flower for three hybrid impatiens cultivars and 
develop a model to predict the time to flower.  
 
Materials and Methods 
 
One hundred five shoot-tip cuttings were taken from stock plants of each of three 
hybrid impatiens cultivars [Compact Electric Orange (CEO), Compact Orchid Blush 
(COB), and Compact Hot Coral (CHC)] and propagated in 105 trays. After 2 weeks in 
propagation, 40 uniform plants from each cultivar possessing a 2 mm flower bud were 
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then selected and transplanted into 1.33-L containers using a peat-based growing medium 
(Fafard® 3B, Sun Gro, Anderson, S.Car.).  
Temperature treatments. To achieve the ADT treatments, four separate greenhouses 
controlled with an environmental control system (Argus Control Systems LTD., Surrey, 
BC, Canada) programmed to target one of four temperature setpoints (16, 20, 24, or 
28°C). Six plants per cultivar were placed in each of the four greenhouses. The mean 
ADTs over the course of the experiment were 16.6 ±2.9, 18.9 ±4.4, 23.6 ±2.4, or 
27.4 ±1.8 ℃ for replication 1, and 17.9 ±4.8, 21.6 ±3.3, 23.7 ±1.4, or 28.1 ±1.3 ℃ for 
replication 2. Metal halide lamps provided supplemental lighting of 175 ±25.0 
μmol·m−2·s−1 between 800 and 1700 HR in addition to the ambient lighting in each 
greenhouse. The daily light integral averaged 10.4 ±3.0 mol.m-2.d-1 for replication one 
and 12.6 ±2.8 mol.m-2.d-1 for replication two.  
Data collection. One flower bud per plant measuring 2 mm in diameter was chosen for 
data collection, and the subtending leaf was tagged to identify the location of the bud. 
The bud width of a selected flower bud on each plant was measured every 3 days using 
digital calipers (Mitutoyo Corp., Aurora, Ill.). Impatiens flowers are bilaterally 
symmetrical, so the bud width measurement was made across the widest portion of the 
horizontal axis. A flower was considered to be open when each of the five flower petals 
unfurled from the bud to create a planar surface.  
General procedures. A constant liquid fertigation program provided 50 mg.L-1 N (Peter’s 
Excel Cal-Mag Special (15N–2.2P–12.5K–5Ca–2Mg; Scotts-Sierra, Marysville, Oh.) 
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with each irrigation event. Two replications of the experiment were conducted: 
replication 1 in January and February 2020 and replication 2 in March and April 2020. 
Experimental design and data analysis. Data analysis was performed using JMP Pro 
version 13.2.0 (SAS Institute Inc, Cary, N.C.). Analysis of variance was used to 
determine treatment effects for time to flower and regression analysis was performed to 
construct prediction models. The experiment was a completely randomized design with 
four levels of ADT and three levels of cultivar.  
Results and Discussion  
 Days to flower was influenced by the interaction of ADT and cultivar (Table 4.1). 
As ADT increased from 16.6 to 28.1°C, DTF decreased from 36.7 to 25.3 d from a 
visible bud width of 2-mm. At cooler ADT, the differences between cultivars were 
greater than at warmer temperatures. For example, at 16.6°C, DTF from a visible bud for 
cultivars CEO, CHC, and COB was 35.9, 35.5, 38.6, respectively, while at 28.1°C, DTF 
from a visible bud for same cultivars was 26.0, 25.0, 25.0, respectively. Since cultivar 






Table 4.1. ANOVA for the effect of average daily temperature (ADT) and cultivars of 
hybrid impatiens ‘Compact Electric Orange’, ‘Compact Orchid Blush’, and ‘Compact 
Hot Coral’, and their interaction on time to flower from visible bud widths of 2-mm. 
 
n.s.,*, **, *** non-significant or significant at P <0.05, 0.01, or 0.001. 
A four parameter logistic model generated in JMP Pro Version 13.2.0 (SAS 
Institute Inc, Cary, N.C.) [Eq. 1] was fitted to the pooled cultivar data for DTF as a 
function of flower bud width, 
DTF = c +
(d − c)
(1+Exp −a × Bud width − b)
                               [ Eq. 1] 
where a is the growth rate, b is the inflection point, c is the lower asymptote, and d is the 
upper asymptote. Parameter estimates for Eq. 1 were analyzed to determine if any 
relationship existed between individual parameters and ADT. Only the upper asymptote 
parameter (d) was significantly affected by ADT; therefore, Eq. 2 was formed with the 
parameter estimates for the upper asymptote when the upper asymptote was modeled as 
function of ADT using the Michaelis Menten equation in JMP Pro version 13.2.0 (SAS 
Institute Inc, Cary, N.C.) (Table 4.2).  
Response Factor F-ratio Significance P-value 
Time to flower ADT 169.74  *** <0.0001 
 Cultivar 8.60 ** 0.0003 






                                                            [Eq. 2] 
Table 4.2 Parameter estimates for the time to flower model that predicts the number of 
DTF remaining based on bud width and ADT measurements using Eqs. [1] and [2] and 












Combining Eqs. 1 and 2 results in a model to predict DTF based on bud width and ADT 
(Fig. 4.1). The model demonstrates how DTF decreases as ADT increased from 16.6 to 
28.1 °C and as bud width increased 2 to 10 mm, the subsequent time to flower decreased. 
The predicted DTF were within ±3.5 d for 72% of the 1021 individual bud measurements 
recorded during experimentation. Figure 4.2 displays the mean predicted DTF values that 
were within ±3 d for 87% of the actual observed values for each temperature x bud 
diameter combination.  
 
  95% Confidence 
intervals 
Parameter Estimate Lower Upper 
 -0.65349 -0.951298 -0.355681 
 5.2570305 4.6082885 5.9057725 
 3.5882825 0.2834296 6.8931353 
 20.582327 16.480141 24.684513 







Figure 4.1. Time to flower (DTF) as a function of average daily temperature (ADT) and 
bud width for hybrid impatiens. The response surface graph represents the time to flower 










Figure 4.2. The predicted days to flower (DTF) (open circles) using Eqs. [1] and [2] 
compared to the actual DTF. Each data point represents the mean predicted value for 
each temperature × bud diameter combination measured across all four cultivars. 




Chapter three of this thesis identified methods of producing cuttings from hybrid 
impatiens stock plants with floral initiation occurring prior to cutting harvest for the 
purpose of achieving a shorter time to flower from propagation. The model presented in 
this chapter provides a guide for controlling greenhouse temperature to predict a target 
market week based on bud diameter measurements made periodically during crop 
production. For example, if a crop’s average bud width is 3 mm and current average 
greenhouse temperature is 18 ℃, then the crop will reach first open flower in ~31 d. If the 
plants are to be sold earlier than that, the model estimates that first open flower could be 
expected in 24 d if ADT is increased to 28 ℃. This decision-making process can be used 
to potentially save energy if crops are ahead of schedule or to allow the crop to “ 
catch up” or accelerate floral development if there is potential to miss an important 
market week. Decision-support tools such as this can take the guesswork out of growing 
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